During malaria blood-stage infections, Plasmodium parasites interact with the RBC surface to enable invasion followed by intracellular proliferation. Critical factors involved in invasion have been identified using biochemical and genetic approaches including specific knockdowns of genes of interest from primary CD34 + hematopoietic stem cells (cRBCs). Here we report the development of a robust in vitro culture system to produce RBCs that allow the generation of gene knockouts via CRISPR/Cas9 using the immortal JK-1 erythroleukemia line. JK-1 cells spontaneously differentiate, generating cells at different stages of erythropoiesis, including terminally differentiated nucleated RBCs that we term "jkRBCs." A screen of small-molecule epigenetic regulators identified several bromodomain-specific inhibitors that promote differentiation and enable production of synchronous populations of jkRBCs. Global surface proteomic profiling revealed that jkRBCs express all known P. falciparum host receptors in a similar fashion to cRBCs and that multiple P. falciparum strains invade jkRBCs at comparable levels to cRBCs and RBCs. Using CRISPR/Cas9, we deleted two host factors, basigin (BSG) and CD44, for which no natural nulls exist. BSG interacts with the parasite ligand Rh5, a prominent vaccine candidate. A BSG knockout was completely refractory to parasite invasion in a straintranscendent manner, confirming the essential role for BSG during invasion. CD44 was recently identified in an RNAi screen of blood group genes as a host factor for invasion, and we show that CD44 knockout results in strain-transcendent reduction in invasion. Furthermore, we demonstrate a functional interaction between these two determinants in mediating P. falciparum erythrocyte invasion.
During malaria blood-stage infections, Plasmodium parasites interact with the RBC surface to enable invasion followed by intracellular proliferation. Critical factors involved in invasion have been identified using biochemical and genetic approaches including specific knockdowns of genes of interest from primary CD34 + hematopoietic stem cells (cRBCs). Here we report the development of a robust in vitro culture system to produce RBCs that allow the generation of gene knockouts via CRISPR/Cas9 using the immortal JK-1 erythroleukemia line. JK-1 cells spontaneously differentiate, generating cells at different stages of erythropoiesis, including terminally differentiated nucleated RBCs that we term "jkRBCs." A screen of small-molecule epigenetic regulators identified several bromodomain-specific inhibitors that promote differentiation and enable production of synchronous populations of jkRBCs. Global surface proteomic profiling revealed that jkRBCs express all known P. falciparum host receptors in a similar fashion to cRBCs and that multiple P. falciparum strains invade jkRBCs at comparable levels to cRBCs and RBCs. Using CRISPR/Cas9, we deleted two host factors, basigin (BSG) and CD44, for which no natural nulls exist. BSG interacts with the parasite ligand Rh5, a prominent vaccine candidate. A BSG knockout was completely refractory to parasite invasion in a straintranscendent manner, confirming the essential role for BSG during invasion. CD44 was recently identified in an RNAi screen of blood group genes as a host factor for invasion, and we show that CD44 knockout results in strain-transcendent reduction in invasion. Furthermore, we demonstrate a functional interaction between these two determinants in mediating P. falciparum erythrocyte invasion.
BSG | CD44 | CRISPR/Cas9 | Plasmodium falciparum | parasite invasion M alaria is an infectious disease caused by Plasmodium parasites and is a major public health burden with upwards of 200 million cases and over 400,000 deaths annually (1) . Upon infection of a new host, the parasite replicates in a liver cell, following which it establishes a cyclical infection of RBCs, leading to all the clinical symptoms of disease (2) . Invasion of new RBCs occurs rapidly after the release of daughter merozoites from mature schizonts (3) , and during the invasion process parasites use multiple invasion ligands to bind to the host RBC by interacting with specific host receptors (4) (5) (6) . Blocking these interactions can lead to a reduction in parasite invasion (7), a strategy underlying blood-stage vaccine design (8, 9) .
Fundamental insights into host-parasite interactions during invasion have come from the analysis of rare, naturally occurring RBC polymorphisms (10) or through biochemical interaction studies using recombinant invasion ligands and recombinant host receptor panels (7, 11) . We have focused on a genetic approach, which requires using CD34
+ hematopoietic stem cells (HSCs) (12, 13) that allows systematic generation of RBC genetic mutants. Using this system, we have functionally characterized the effects of knockdown of the host receptor GypA on the invasion of the sialic acid-dependent Plasmodium falciparum strain W2mef (14) .
There are several challenges in using primary CD34 + HSCs: (i) the short time frame for introducing gene knockdowns during erythroid differentiation may limit the extent of knockdown and precludes obtaining clonal cell populations; (ii) primary cell differentiation is terminal, leading to the need to repeatedly generate gene knockdowns for each assay; and (iii) invasion screening and functional characterization of gene knockdowns require large numbers of cells, which can be costly to generate. The broad range of genetic techniques facilitated by the clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9 system (15) (16) (17) (18) (19) is highly desirable for modifying RBC host factors to investigate Plasmodium invasion, but the use of these techniques remains challenging in primary CD34
+ cells (20, 21 ). Here we have developed an in vitro culture system using the immortal JK-1 erythroleukemia cell line (22) that permits the rapid and efficient generation of RBC genetic mutants and overcomes the challenges of using primary CD34 + HSCs. JK-1 cells spontaneously differentiate at low rates to form cells that resemble young, nucleated RBCs. We have developed methods for enriching differentiated cells, and to reduce heterogeneity we screened a library of epigenetic regulators for compounds that induce differentiation. Importantly, the differentiated JK-1 cells support invasion by P. falciparum, and, combined with the ability to genetically modify the cells, provides a platform for the Significance During malaria infections, Plasmodium falciparum parasites invade RBCs. Identification of host factors for parasite invasion guides the development of vaccines and host-targeted therapeutics. Here we describe the development of an in vitro culture system for the functional analysis of RBC determinants using the immortal erythroleukemia cell line JK-1. JK-1 cells can be induced to differentiate synchronously, support parasite invasion, and are amenable to genetic manipulation. Using this system, we validated two host factors, basigin and CD44, as strain-transcendent host factors for parasite invasion, and we demonstrated a functional interaction between these two proteins. The ability to perform gene editing to produce RBC mutants will augment our ability to study malaria infection.
functional characterization of host factors important for parasite invasion. Using this system, we have generated a knockout of the essential host receptor basigin (BSG), for which no natural nulls exist and which binds the parasite invasion ligand Rh5 (23, 24) , now a leading vaccine candidate (9) . We show that the ΔBSG-knockout line is completely refractory for parasite invasion, thus validating BSG as an essential receptor for P. falciparum invasion (9, 25) .
In a recent shRNA-based forward genetic screen of 42 blood group genes, we identified two host factors important for parasite invasion, CD55 and CD44 (26) . CD55 was functionally characterized as an essential host factor for invasion through use of natural CD55 RBC-null cells; however, similar natural nulls were not available for CD44. Using the JK-1 cell system, we have generated a CD44 knockout, and we show that this knockout line displays a pronounced reduction in invasion across multiple parasite strains, confirming the importance of CD44 for P. falciparum invasion. As CD44 has been reported to interact with BSG (27-29), we investigated the functional significance of this interaction by using an α-BSG antibody to inhibit invasion. We find that the CD44 knockout enhances the α-BSG-dependent inhibition of invasion, indicating a functional interaction between BSG and CD44 during parasite invasion.
Results

JK-1 Erythroleukemia Cells Models Erythropoiesis in Vitro.
While P. falciparum preferentially invades mature RBCs, it is also capable of invading nucleated RBCs, primarily orthochromatic erythroblasts (14, 26, 30) . As such, we were interested in testing the ability of immortal erythroleukemia cell lines to differentiate, form RBCs, and support parasite invasion. A search of the literature identified 10 different erythroleukemia cell lines that we were able to obtain and culture in the laboratory: Ery-1 (31), K562 (32), KH88/C2F8 (33), B4D6 (33), LAMA-84 (34), TF-1A (35), HEL92.1.7 (36), OCIM (37), OCIM-2 (37), and JK-1 (22) (Fig. S1A) . During routine culture, we observed spontaneous differentiation into predominantly polychromatic-like nucleated RBCs (38) only in the JK-1 cell line. The JK-1 erythroleukemia cell line was isolated from an individual with Philadelphia chromosome-positive chronic myelogenous leukemia and is reported to express HbF (22) . A typical JK-1 culture produced a stochastically fluctuating mixture of erythroidlike cells of different sizes and at different stages of differentiation (Fig. 1) . A majority (>80%) of the actively dividing cells was composed of less differentiated proerythroblasts and basophilic erythroblasts. The differentiated nucleated RBCs in the JK-1 cell-line consisted of primarily early-and late-stage polychromatic erythroblasts, with a very small fraction (<1%) of orthochromatic erythroblasts [characterized by fully condensed nuclei (38) ] and occasional (<0.5%) enucleated cells (resembling reticulocytes).
Given the heterogeneity of normal JK-1 cell cultures, we tested a number of different techniques to specifically enrich for different cell populations. We observed that cell size varied based on the stage of differentiation, with undifferentiated proerythroblasts having almost twofold larger diameters than differentiated polychromatic and orthochromatic erythroblasts (Fig.  1A) . We first tested whether we could use FACS to separate cells based on size. Using forward-scatter (FSC) and side-scatter (SSC) parameters, we found a gate that resulted in the enrichment of basophilic early-and late-stage polychromatic cells (small cell gate) and a gate that enriched for proerythroblasts (large cell gate) (Fig.  S1B) . As FACS is time and resource intensive for sorting large numbers of cells, we next tested whether we could enrich cells using a bulk method. As Percoll density gradients have been used to enrich for HSCs from bone marrow extracts (39), we tested whether this method would be feasible for JK-1 cells. Centrifuging a mixed population of JK-1 cells through a 52.5% (vol/vol) Percoll-PBS gradient resulted in an ∼15-fold enrichment of differentiated early-and late-stage polychromatic cells in the cell pellet, while proerythroblasts and basophilic erythroblasts were retained at the interface between the Percoll gradient and the culture medium (Fig. 1B) . We found that the Percoll-PBS method was faster than FACS and was simple to scale up for large numbers ( >10 8 ) of cells.
Bromodomain Inhibition Induces Differentiation of JK-1 Cells. While FACS and Percoll-PBS allowed us to enrich for terminally differentiated nucleated RBCs (herein, "jkRBCs"), only a relatively small proportion (10-15%) of a typical JK-1 culture contained differentiated cells. Therefore, we were interested in finding ways of increasing the proportion of differentiated nucleated RBCs in a synchronous manner. We hypothesized that, as JK-1 cells display spontaneous differentiation, this process might be under epigenetic control, and indeed epigenetic regulators have been reported to induce cellular differentiation (40) (41) (42) . We screened an epigenetic library for small-molecule inducers of differentiation. To begin, we required a method of quantitatively monitoring JK-1 differentiation. We observed that expression of glycophorin A (GypA), a cell-surface marker of erythrocyte maturation (43, 44) , was correlated with JK-1 differentiation (Fig. S2A) . Using a FITC-labeled α-GypA antibody, we observed two distinct populations: the GypA − fraction (gated based on unstained cells) contained predominantly proerythroblasts and basophilic erythroblasts, while the GypA-high fraction was enriched for early-and late-stage polychromatic cells.
Using this method, we sorted for a population of GypA − JK-1 cells and screened these cells with a library of 96 epigenetic modifiers (Cayman Chemicals). This library includes small molecules that target a wide variety of epigenetic regulatory proteins. Two rounds of screening were performed with cells harvested after 5 d in screen 1 and after both 7 and 14 d in screen 2. Upon harvest, the levels of GypA were measured by flow cytometry, and the GypA-high:GypA − ratio was calculated (Fig. S2B ). The data from the screen were ranked by hierarchical clustering ( Fig. 2A and Dataset S1). Six compounds were identified that displayed substantial induction of JK-1 cell differentiation. Significantly, four of the six top compounds included inhibitors of bromodomain-containing proteins: two compounds, (+)-JQ1 (45) and PFI-1 (46) , target mammalian bromodomain and extra terminal domain (BET) proteins; bromosporine is a general bromodomain inhibitor (47); and I-CBP112 targets the bromodomain of cAMP-responsive element-binding protein binding protein (CREBBP)/E1A-associated protein p300 (EP300) (48, 49) . The only other bromodomain-specific inhibitor in the library, PFI-3, targets a different category of bromodomaincontaining proteins (50) and was not found to be an inducer of JK-1 differentiation. The two other top inducers, GSK343 (51) and UNC1999 (52), both target the catalytic core of the polycomb repressive complex 2 (PRC2) enhancer of zeste homolog 2 (EZH2) histone methyltransferase (53) .
We validated two top hits, PFI-1 and (+)-JQ1, by testing differentiation with a range of concentrations of compound (Fig. 2B) . In both cases, at high concentrations of compound, cell expansion was inhibited, while at the lowest concentration of compound cell growth was similar to that of the DMSO-treated control cells for the first 6 d, after which the cell expansion plateaued. We next monitored cells treated with the optimal concentrations of PFI-1 (2 μM) and (+)-JQ1 (1 μM) during differentiation by staining for GypA and CD34, which is a marker for early hematopoietic stem cells (Fig. 3A) (43) . Both PFI-1 and (+)-JQ1 treatment led to a rapid increase of GypA surface levels resulting in a homogenous population of GypA + cells by 8 d postinduction, while the uninduced control had a broad mixture of cells with different levels of GypA. CD34 levels also decreased rapidly and were almost undetectable by day 4 in the induced conditions but remained at a low level in the control cells. Analysis of cell morphology (Fig. 3B ) demonstrated that both the PFI-1 and the (+)-JQ1 treatment resulted in the formation of differentiated cells, whereas the DMSO-treated control cells remained a mixed population. When PFI-1 and (+)-JQ1 were tested in combination ( While the primary focus of the epigenetic screen was to identify compounds that induce synchronous differentiation, we were also interested to see if there were compounds that had the opposite effect. In the screen ( Fig. 2A) we observed a number of compounds that had low levels of differentiation as measured by α-GypA staining. Examination of the flow cytometry data for these compounds over the different days of the assay indicated that the majority of this effect was due to the toxicity of the compounds, as the initial GypA − population had not expanded. However, we identified one compound, the lysine-specific demethylase 1 (LSD1) inhibitor tranylcypromine, which was able to maintain growth of cells in an undifferentiated state. When a population of GypA − cells was treated with tranylcypromine, the cells grew at the same rate as DMSO-treated control cells, doubling once every ∼30 h (Fig. S2E ). Tranylcypromine-treated cells retained similar levels of GypA, CD34, and CD71 (transferrin receptor) over multiple generations, while DMSO-treated controls showed pronounced increases in GypA levels and reductions in CD34 levels over the same period (Fig. S2F) .
JkRBCs Functionally Resemble Nucleated RBCs. Having identified epigenetic factors that could control JK-1 differentiation, we next tested the synchronicity of the differentiated cells. Starting with cells maintained on 10 μM tranylcypromine, we induced differentiation of these cells with 2 μM PFI-1, and at 12-14 d postinduction cells were harvested and passaged through 52.5% (vol/vol) PBS-Percoll. The resulting cells displayed a high degree of homogeneity and consisted of >90% late-stage polychromatic cells (Fig. 3C) . Next, we compared these jkRBCs to bone marrow-derived CD34 + HSCs (cRBCs) and peripheral RBCs. The cRBCs were at day 16 post thaw and consisted of a mixture of cells including basophilic erythroblasts, early-and late-stage polychromatic erythroblasts, orthochromatic erythroblasts, reticulocytes, and pyrenocytes (ejected nuclei) (Fig. S3A) . Analysis of three independent biological cRBC cultures at 16-17 d post thaw showed that a majority of cells were orthochromatic erythroblasts and reticulocytes (together, >70%), while earlier-stage basophilic and polychromatic erythroblasts were present at much lower frequencies (<10%) (Fig. S3B) . A comparison of cell diameter showed that the jkRBCs (Fig. 1A) were ∼1.25-fold larger on average than the dominant cRBCs (orthochromatic erythroblasts and reticulocytes). During the process of P. falciparum invasion, the parasite interacts with numerous host surface-membrane proteins on the surface of peripheral RBCs. To check whether jkRBCs expressed known host receptors, we performed flow cytometry to compare the levels of expression of BSG, GypA, GypC, CR1, and CD71 in jkRBCs, cRBCs, and peripheral RBCs (Fig. 3D) . The relative flow cytometry signal for three of the known host receptors (GypA, GypC, and CR1) were tightly correlated in jkRBCs, cRBCs, and peripheral RBCs. The level of BSG was higher in jkRBCs and cRBCs and was about 10-fold lower in peripheral RBCs, suggesting that levels of this protein change substantially during the final stages of erythroid maturation. As a control, we measured the levels of transferrin receptor (CD71), which is abundant on jkRBCs and cRBCs but is absent from peripheral RBCs, as has been observed previously (54, 55). The relative abundance of the 237 surface-membrane proteins identified by quantitative surface proteomics was compared in jkRBCs and day 16 cRBCs. P values were estimated using Benjamini-Hochberg-corrected significance A values as previously described for this approach (56, 87, 95) , and proteins with a highly significant fold change are indicated.
We next performed a global analysis of the surface-membrane protein composition of jkRBCs by quantitative surface proteomics (26, 56) . We identified 237 surface-membrane proteins by two or more peptides from a total of 677 identified proteins (Dataset S2). We compared this dataset with available RBC proteomes (Fig. S3C ) and were able to identify 92.2% of the jkRBC proteins in one or more of the published proteomes. The dataset with the greatest overlap (85.9%) included proteomes not only of mature RBCs but also of erythroid progenitors (57) . Next, we used quantitative surface proteomics to compare the relative abundance of surface-membrane proteins between jkRBCs and an equal number of day-16 cRBCs. The relative abundance of a large proportion (68.6%) of the cRBC membrane proteins was within a twofold (±) range of the equivalent jkRBC proteins, and 91.1% were within a fourfold (±) range (Fig. 3E) . A comparison of the blood group proteins (Fig. S3D) showed a similar pattern. The majority of proteins, including the known P. falciparum host receptors GypA, GypC, CR1, and BSG, were within a twofold range. We are not able to distinguish between GypA and GypB by this method so the signal we observe for GypA is a combination of GypA and GypB. We also identified three proteins with greater than fourfold abundance (BCAM, CD99, and SLC14A1) in cRBCs compared with jkRBCs.
JkRBCs Support Invasion by P. falciparum. We next tested the ability of jkRBCs to support P. falciparum invasion, as has been observed for other nucleated erythroid precursors (14, 30, 58) . Indeed, we observed invasion into jkRBCs by two different strains of P. falciparum: the sialic acid-independent strain 3D7 (59) and the sialic acid-dependent strain Dd2 (Fig. 4A) (60) . To compare the invasion efficiency of P. falciparum into jkRBCs, cRBCs, and RBCs, we measured the parasitized erythrocyte multiplication rate (PEMR) (i.e., the percent final ring parasitemia/the percent initial schizontemia) in the different cell types. The invasion rates of P. falciparum strains 3D7 and Dd2 into jkRBCs were comparable to the invasion into cRBCs and RBCs (Fig. 4B) , suggesting that jkRBCs express sufficient levels of all relevant host receptors and possess the requisite glycosylation required for parasite binding and invasion (4, 6). Since we often observed multiple parasites invading a single host jkRBC, we quantified the preference for multiple parasite invasion events by determining the selectivity index (Fig. S3E) (61) . The selectivity index is a measure of the observed number of multiply infected cells compared with the number that would be expected by chance based on a Poisson distribution and can be used to determine the susceptibility of host cells to invasion by Plasmodium parasites. The jkRBCs showed the highest selectivity index, followed by cRBCs and RBCs. To determine whether P. falciparum parasites grew normally in jkRBCs, we assessed parasite growth during a single cycle (Fig. S4) . While parasites were occasionally observed to develop into trophozoites and schizonts, development of these stages was significantly impeded in jkRBCs compared with RBCs.
Generation of a BSG Knockout via CRISPR/Cas9. We next tested if it was possible to genetically manipulate the JK-1 cells. We transduced the JK-1 cells with a lentivirus expressing a shRNA targeting GYPA and monitored protein levels by flow cytometry. We were able to detect a substantial decrease in GypA protein expression within about 1 wk posttransduction (Fig. S5A) , thus confirming that shRNA gene knockdowns were supported by JK-1 cells. We then attempted to generate gene knockouts using the CRISPR/Cas9 gene-editing system (Fig. S5B) (19) . We chose the human BSG gene encoding the basigin receptor [Ok blood group (62)], which is an essential receptor for P. falciparum (7). We first generated lentivirus containing the LentiCas9-Blast plasmid (19) and introduced it by viral transduction into JK-1 cells. Cells were selected by growth on blasticidin until a stable JK-1-Cas9 cell line was obtained. No toxicity or difference in growth rate associated with Cas9 expression was observed. Next, three single-guide RNAs (sgRNAs) targeting BSG were individually cloned into the LentiGuide-Puro vector (19) , and these constructs were virally transduced into LentiCas9
+ JK-1 cells. After 2-4 wk of selection, single-cell clones were obtained by limiting dilution of the bulk population. The presence of gene knockouts in these clonal cell lines was assessed by loss of α-BSG flow cytometry staining and subsequently was verified by Sanger sequencing and tracking of indels by decomposition (TIDE) analysis (Fig. S5 C-E) . Of the three sgRNAs we tested, we only observed one guide that showed a complete loss of α-BSG flow staining in the bulk population (BSG-1 sgRNA), and following cloning two individual clonal lines (ΔBSG-1 and ΔBSG-2) were obtained from this sgRNA, both with different deletions in each gene copy (Fig. 5 C  and D) . The BSG-1 sgRNA targeted the N terminus of the BSG protein, and the resulting deletions disrupted the initiator methionine ATG codon (Fig. S5E) .
To validate that the BSG-knockout jkRBCs did not have any RBC developmental defects, we compared the expression levels of BSG, GypA, GypC, and CR1 by flow cytometry for JK-1 WT and ΔBSG jkRBCs (Fig. 5A) . The ΔBSG cells showed a complete loss of α-BSG signal, confirming a functional loss of BSG protein. The levels of GypA, GpyC, and CR1 were very similar in the WT and ΔBSG lines. To further confirm that deletion of BSG did not result in changes to any other surface-membrane protein, we compared the abundance of surface proteins in ΔBSG jkRBCs and WT jkRBCs using quantitative surface proteomics (Fig. 5B and Dataset S2). Our data demonstrate that the knockout of BSG was specific and did not lead to the significant alteration of other surface-membrane proteins.
BSG Is Essential for P. falciparum Invasion. Basigin is proposed to be an essential receptor for P. falciparum (7), and we have previously demonstrated that knockdown of BSG in CD34 + HSCs via shRNA leads to a substantial (∼80%) decrease in invasion by multiple strains of P. falciparum (7). While there is strong evidence that BSG is an essential receptor for P. falciparum, the residual invasion observed with the BSG knockdown (7) raised some doubts about whether loss of BSG would completely block P. falciparum invasion. There are natural BSG polymorphisms that occur as part of the Ok blood group (62), but to date no natural BSG nulls have been described. To determine the effect of deleting BSG in jkRBCs, we performed invasion assays with two different strains of P. falciparum, 3D7 and Dd2, using two independent BSG-knockout clones, ΔBSG-1 and ΔBSG-2, both generated using the BSG-1 sgRNA. We observed a complete inhibition of invasion into both ΔBSG clones for both P. falciparum strains (Fig. 5C ). This result provides strong evidence that BSG is required for strain-transcendent invasion.
CD44 Is a Strain-Transcendent Invasion Host Factor. CD44 was identified as a potential host receptor during a screen of blood group gene knockdowns (26). Knockdowns of CD44 in CD34
+ HSCs led to a modest reduction in P. falciparum invasion, but this was tested only in the 3D7 strain, and functional characterization of CD44 was limited by the lack of naturally occurring CD44 nulls. Therefore, we generated a knockout of CD44 using CRISPR/Cas9 and obtained mutant cells with an insertion in the exon 2 that leads to the formation of a premature stop codon and truncation of the protein in the N-terminal extracellular domain ( Fig. S6 A and B) . We confirmed that the knockout of CD44 was specific by flow cytometry (Fig. S6C ) and quantitative surface proteomics (Fig. 6A ) in which we did not observe a significant change in abundance specifically of any known host receptor (BSG, GypA, GypC, CR1) or other surface-membrane protein.
We next tested invasion of multiple P. falciparum strains into two CD44-knockout clonal lines, ΔCD44-1 and ΔCD44-2, and observed a consistent inhibition of invasion (∼30-40%) across multiple parasite strains, including the sialic acid-independent 3D7 and sialic acid-dependent W2mef strains (Fig. 6B) , confirming the importance of CD44 in P. falciparum invasion.
CD44 Functionally Interacts with BSG. CD44 has been reported to interact with BSG in multiple cancer cell lines (27) (28) (29) , prompting us to test whether there was a functional interaction between CD44 and BSG. To do so, we used the monoclonal MEM6/6 α-BSG antibody, which has previously been shown to inhibit parasite invasion (7), to inhibit P. falciparum 3D7 invasion into JK-1 WT and ΔCD44-1 cells (Fig. 6C) . We observed an approximately twofold reduction in the IC 50 for the ΔCD44-1 knockouts compared with WT JK-1 cells, indicating that the ΔCD44-1-knockout cells were more sensitive to inhibition by the α-BSG antibody. We next checked if this could be explained by differences in levels of BSG on JK-1 WT and ΔCD44-1-knockout cells. However, we did not observe any significant difference in BSG protein levels by either flow cytometry (Fig. S6D) or quantitative surface proteomics (Dataset S2). Next we tested the effect of inhibition of an invasion step downstream of Rh5/BSG by using the R1 peptide that inhibits the interaction between the parasite factors AMA1 and RON2, which are involved in strong attachment of the invading merozoite (Fig. 6D) (63, 64) . In this case, we observed an approximately twofold increase in the IC 50 in the ΔCD44-1-knockout cells compared with the WT JK-1 cells, indicating an increased utilization of the AMA1/RON2 interaction in the absence of CD44.
Discussion
A major area of interest in Plasmodium biology has been the identification of essential, strain-transcendent host receptors since their cognate invasion ligands may be potent vaccine candidates (9) . We have developed an in vitro culture system for functional analysis of the host contribution to blood-stage P. falciparum invasion using the JK-1 erythroleukemia cell line, which displayed unique features. (i) JK-1 cells naturally produce erythroid-lineage cells (proerythroblast-, basophilic-, polychromatic-, and orthochromatic-like cells), and, using small-molecule epigenetic modifiers, we were able either to maintain the cells in an undifferentiated state or to predictably induce synchronous differentiation to produce jkRBCs (nucleated RBCs). (ii) JkRBCs functionally resembled differentiated cRBCs and peripheral RBCs. The surface-membrane protein composition of jkRBCs was comparable to that of cRBCs and peripheral RBCs, and known P. falciparum host receptors were expressed at levels equal to or greater than those in RBCs and cRBCs. Critically, jkRBCs supported robust invasion of multiple P. falciparum strains, implying that all the requisite host factors were present at sufficient levels for parasite invasion. (iii) JK-1 cells were readily amenable to different genetic modifications such as gene knockdowns via RNAi and gene knockouts via CRISPR/Cas9, which have been challenging in primary CD34
+ HSCs (20, 21) . (iv) As JK-1 cells are immortal, we were able to generate clonal mutant cell lines and were able to freeze down, thaw, and cost-effectively produce large numbers of WT and mutant cells.
In our screen for epigenetic factors that induce synchronous differentiation of JK-1 cells, the most potent inducers targeted bromodomain-containing proteins. Bromodomain proteins bind to acetylated e-amino lysine residues on histones and are involved in the regulation of gene expression (65, 66) . The two top inducers of JK-1 differentiation, (+)-JQ1 and PFI-1, despite having different chemical scaffolds, target proteins in the BET family, which consists of four members: BRD2, BRD3, BRD4, The ΔBSG-knockout JK-1 cell line is refractory to P. falciparum Invasion. Invasion of the sialic acid-independent P. falciparum strain 3D7 and sialic acid-dependent P. falciparum strain Dd2 was completely inhibited in two independent clones of ΔBSG. Data are normalized to the invasion efficiency of WT JK-1 cells and are representative of three biological replicates. Error bars represent SDs from three biological replicates. P values were calculated using a two-tailed t test (GraphPad Prism version 7.01).
and BRDT (67, 68) . BET family proteins are involved in multiple transcription complexes and help regulate cell growth (69) . In the context of erythropoiesis, they promote chromatin occupancy of acetylated forms of the global erythroid transcription factor GATA-1 (70, 71) , which itself modulates gene expression during erythropoiesis. With the ability to genetically manipulate JK-1 cells, it may be possible to elicit controlled induction of differentiation independent of epigenetic regulators by directly controlling levels of BET protein expression, e.g., by knockin of destabilization domain tags (72) .
The composition of the surface-membrane proteome of jkRBCs shares a high degree of overlap with published RBC proteomes. Our quantitative surface proteomics analysis comparing cRBCs and jkRBCs showed that >90% of proteins were expressed within a fourfold range. Instances of higher protein abundance on jkRBCs compared with cRBCs and RBCs (e.g., BSG) may be explained by (i) the overall larger size of jkRBCs compared with cRBCs and RBCs; (ii) the greater homogeneity and relative immaturity of jkRBCs (late-stage polychromatic cells) compared with cRBCs (orthochromatic cells and reticulocytes); and (iii) the overall decrease in protein abundance per cell during erythropoiesis (57). While we observed variation in the levels of surface-membrane proteins, jkRBCs supported P. falciparum invasion rates equivalent to those in cRBCs, indicating that none of the essential host receptors is limiting. However, it is possible that the variation in surface-membrane protein levels may result in differences in invasion between jkRBCs and cRBCs/ peripheral RBCs when host receptor levels are modified (e.g., by enzyme treatment or by knockout of nonessential receptors).
One limitation of jkRBCs is the relative immaturity of these cells compared with cRBCs, as judged by the larger average size, higher levels of CD71, and deficiency in forming reticulocytes. These features likely stem from the cancer-causing mutations (22) that favor continued cell replication instead of terminal differentiation. JK-1 cells have double Philadelphia chromosomes, which is typically linked with the formation of the BCR-ABL kinase oncogene (73) . The relative immaturity of jkRBCs and the expression of HbF (22) may explain the delayed growth of P. falciparum postinvasion. A similar effect has been observed with parasite invasion into younger CD34
+ basophilic and polychromatic erythroblasts (30) . To study parasite growth we could either (i) screen for genetic mutations in JK-1 cells that support parasite growth and/or (ii) adapt parasites to growth in JK-1 cells by long-term propagation, as has been shown for Plasmodium knowlesi adaptation to growth in human reticulocytes (74) .
The JK-1 cell-culture system has facilitated functional characterization of two host factors, BSG and CD44, important in P. falciparum invasion. BSG-null cells have not been found naturally, and strain-transcendent inhibition with BSG was demonstrated using anti-BSG or anti-RH5 antibodies, often at high concentrations (7, (C) The ΔCD44 knockout has a reduced sensitivity to inhibition of invasion using the MEM6/6 α-BSG antibody, suggesting a functional interaction between BSG and CD44 during parasite invasion. Data were normalized to the invasion efficiency of the isotype controls, and a representative plot is shown in which error bars represent the SD from three technical replicates. (D) Inhibition of invasion via dilution series of R1 peptide shows that the ΔCD44 knockout has a greater resistance to inhibition compared with WT JK-1 cells. A representative plot is shown with error bars representing SD from three technical replicates. For both C and D, IC 50 values were calculated using a least-squares fit with log(inhibitor) vs. normalized response and a variable slope using GraphPad Prism version 7.01. Below the plots, the average IC 50 values for JK-1 and ΔCD44 are shown for three biological replicates (α-BSG, C) or four biological replicates (R1 peptide, D) with the SEM indicated in brackets. A paired, two-tailed t test was used to calculate the P value between the IC 50 values of JK-1 WT and ΔCD44 knockout for each experiment (α-BSG, C; R1 peptide, D), and in both cases this was found to be *P < 0.05.
25, 75). We have previously generated a BSG knockdown by RNAi in CD34
+ HSCs, which showed ∼80% reduction in invasion efficiency (7). We hypothesized that the remaining invasion could be due to residual BSG protein present on the knockdown cells. Using the JK-1 system and CRISPR/Cas9 to generate ΔBSG cell lines has allowed us to confirm that the loss of BSG expression results in complete inhibition of invasion of multiple parasite strains, thus confirming the essential role that BSG plays in parasite invasion.
CD44 was identified as an invasion host factor in a forward genetic RNAi screen of blood group genes (26) , but its role in invasion could not be fully characterized due to the absence of natural CD44-null cells. We observed that knockout of CD44 resulted in consistent reduction of invasion efficiency, in a straintranscendent fashion, confirming the importance of CD44 as a host factor for P. falciparum invasion. Furthermore, we observed a functional interaction between CD44 and BSG, as measured by a reduction in the IC 50 of the α-BSG MEM6/6 antibody in ΔCD44-1-knockout cells compared with JK-1 WT cells. This effect is not simply due to decreased levels of BSG in the ΔCD44-1-knockout cells. A possible explanation is CD44 functioning directly as a host receptor at an earlier stage than the Rh5/BSG interaction (76) ; in this case loss of CD44 would result in a reduced number of parasites successfully reaching the Rh5/BSG step of invasion. Alternatively, based on the reported CD44/BSG interaction (27) (28) (29) , CD44 might operate directly as a coreceptor with BSG, prompting the parasite to preferentially utilize a subset of BSG bound to CD44 during invasion.
In contrast to the effect of Rh5/BSG inhibition, we observed an increase in the IC 50 of the R1 peptide inhibition of AMA1/ RON2 in ΔCD44 knockout compared with WT JK-1 cells. AMA1 and RON2 are parasite-derived factors that are host receptor independent and mediate strong attachment of the merozoite (63, 64) at a step downstream of the Rh5/BSG interaction (76) . Similar antagonistic effects of inhibition of Rh5/ BSG and AMA1/RON2 have been reported previously (77, 78) . As the CD44 knockout is synergistic with BSG inhibition, and as AMA1 and RON2 are parasite derived, we suggest that the CD44 function maps with BSG rather than with AMA1/RON2. Therefore, one possible consequence of the loss of CD44 [based on the limited-area model for invasion ligand/host receptor interactions (79) ] may be the reduced engagement of an earlier invasion ligand (e.g., Rh5). As such, there would be a subsequent increase in the space available for AMA1/RON2 at the apical end of the merozoite during RBC attachment (77, 79) , thus resulting in an increased utilization of the AMA1/RON2 pathway. Of great interest in regard to the function of CD44 during invasion are the identification of any potential parasite invasion ligand, the effect of the previously reported CD44 interaction with cytoskeletal proteins band 4.1 and ankyrin (80) , and possible signaling roles of CD44 during invasion, either separately or in parallel with BSG (81) .
The versatility of the JK-1 in vitro culture system in supporting both robust parasite invasion and simple genetic manipulation to produce gene knockouts will facilitate the functional analysis of the host contribution to P. falciparum invasion. Indeed, the identification and characterization of essential and straintranscendent host factors and the parasite molecules with which they interact is a vital aspect of understanding parasite invasion biology and will ultimately aid in the development of vaccines and host-targeted therapeutics.
Materials and Methods
Cell Culture. The following erythroleukemia cell lines were obtained from the Leibniz Institute Deutsche Sammlung von Mikroorganismen und Zellkulturen collection of microorganisms and cell cultures: JK-1 (catalog no. ACC347), OCIM-1 (catalog no. ACC529), OCIM-2 (catalog no. ACC619), and LAMA84 (catalog no. ACC168). The following erythroleukemia cell lines were obtained from the American Type Culture Collection: HEL 92.1.7 (TIB-180), K562 (CCL-243), and TF-1A (CRL-2451). The C2F8 and B4D6 cell lines were kind gifts of Tatsuo Furukawa, Niigata University School of Medicine, Niigata, Japan (33) . The Ery-1 cell line was a kind gift of Michael Arock, Unité CNRS UMR 8147, Paris (31) . The erythroleukemia cell lines were propagated in Iscove's Modified Dulbecco's Medium (IMDM) with GlutaMAX (Thermo Fisher Scientific) and supplemented with 0.5% (vol/vol) penicillin/streptomycin (Thermo Fisher Scientific) and either 10% AB-positive heat-inactivated serum (Interstate Blood Bank) or 10% AB-positive octaplasLG (OctaPharma) with 2 IU/mL heparin (Affymetrix). Cells were maintained at 1 × 10 5 to 1 × 10 6 cells/mL in vented T-flasks (BD Falcon) at 37°C in a humidified chamber with 5% (vol/vol) CO 2 . When necessary, cells were frozen in growth medium plus 5% (vol/vol) dimethyl sulfoxide (Sigma-Aldrich). JK-1 clones were obtained by limiting dilution, and all subsequent experiments were performed with the JK-1-7B clone. CD34
+ hematopoietic stem cells (Lonza) were cultured as described previously (12, 13, 26) . Cytospins were prepared as described previously (26) and stained with May-Grünwald (Sigma-Aldrich) followed by Giemsa (Sigma-Aldrich) according to the manufacturer's instructions. A double-chamber Neubauer hemocytometer (VWR) was used for live cell counting.
Percoll Density Gradients. The Percoll (GE Healthcare) density gradients were prepared based on modifications to an existing protocol (39) , by mixing stock Percoll (100%) to the indicated final volumetric dilution [e.g., 52 .5% (vol/vol)] with one volume of 10× PBS (final concentration 1×) and the remainder with double-distilled H 2 O. The pH was adjusted to 7.40 with HCl, after which the mixture was filtered through a 0.2-μm sterile filter (Millipore). Typically 4 mL of the gradients were added to a 15-mL Falcon tube, and a suspension of cells in 4 mL IMDM plus 10% AB-positive medium was gently layered on top of the Percoll cushion. The cells were pelleted at 500 × g for 10 min with low acceleration and low braking. Following the centrifugation, the interface and pellet fractions were transferred to separate 15-mL Falcon tubes and washed twice with IMDM. Half of the cells were harvested at day 7 post setup, and the medium was refreshed for the remainder of the cells, which were allowed to grow until day 14 post setup. The harvested cells were stained with α-GypA-FITC, and the level of GypA was measured by flow cytometry on a Miltenyi MACSQuant flow cytometer (Miltenyi). The GypA-high:GypA − ratio was calculated from plots of SSC vs. α-GypA-FITC (Fig. S2 A and B) for each compound, and the values were normalized to the highest ratio for each concentration of each experimental run. The data were clustered using Gene Cluster version 3.0 (82) by hierarchical clustering with a Euclidean distance similarity metric and complete linkage. The data were visualized using TreeView version 1.1.6r4 (83) .
Cloning and Lentivirus Generation. GuideRNA target sequences were identified bioinformatically using the Broad Institute Genetic Perturbation Platform sgRNA designer tool (https://portals.broadinstitute.org/gpp/public/ analysis-tools/sgrna-design) (84) . Primers for the top three hits for BSG and CD44 were synthesized (Integrated DNA Technologies): BSG-1-F 5ʹ-CACCGGC-GAGGAATAGGAATCATGG; BSG-1-RC 5ʹ-AAACCCATGATTCCTATTCCTCGCC;
BSG-2-F 5ʹ-CACCGTCTTCATCTACGAGAAGCGC; BSG-2-RC 5ʹ-AAACGCGCTT-CTCGTAGATGAAGAC; BSG-3-F 5ʹ-CACCGCGTTGCACCGGTACTGGCCG; BSG-3-RC 5ʹ-AAACCGGCCAGTACCGGTGCAACGC; CD44-1-F 5′-CACCGCGTGG-AATACACCTGCAAAG; CD44-1-RC 5′-AAACCTTTGCAGGTGTATTCCACGC; CD44-2-F 5′-CACCGACTGATGATGACGTGAGCAG; CD44-2-RC 5′-AAACCTG-CTCACGTCATCATCAGTC; CD44-3-F 5′-CACCGCTGTGCAGCAAACAACACAG; and CD44-3-RC 5′-AAACCTGTGTTGTTTGCTGCACAGC. Primer pairs were phosphorylated using T4 polynucleotide kinase (New England Biolabs) and ligated using Quick Ligase (New England Biolabs) into the lentiGuide-Puro vector (19) , which had previously been digested with BsmBI (Thermo Fisher Scientific) and dephosphorylated with FastAP alkaline phosphatase (Thermo Fisher Scientific). Ligated plasmids were transformed into Stbl3 bacteria (Thermo Fisher Scientific) and were selected with 100 μg/mL carbenicillin on LB agar plates. Correctly integrated sgRNAs were confirmed by Sanger sequencing using the U6 promoter 5ʹ-GACTATCATATGCTTACCGT (19) . Plasmid DNA was purified using MaxiPreps (Qiagen) and was used to generate lentivirus using established protocols (85) .
CRISPR/Cas9 Knockouts. CRISPR/Cas9 knockouts were generated following existing protocols (17, 19) . First JK-1 cells were transduced with the LentiCRISPRBlast vector and were selected with 6 μg/mL blasticidin (Sigma-Aldrich). The blasticidin-resistant cells were next transduced with the LentiGuide-Puro vectors containing each of the three BSG sgRNAs, and cells were selected for by growing with both 6 μg/mL blasticidin and 2 μg/mL puromycin (Sigma-Aldrich). Knockout generation was monitored by flow cytometry, and once cultures had >50% knockout cells, the population was cloned by limiting dilution. Of the three sgRNAs tested only BSG-1 resulted in the generation of BSG knockouts. Individual clones were screened by Sanger sequencing using the primer set BSG-1-seq-F 5ʹ-AAGCAGGAAGGAAGAAATG; BSG-1-seq-RC 5ʹ-TTCACGCC-CACACACAGAG followed by TIDE analysis (86) to find biallelic knockouts. Of the three sgRNAs tested for CD44, only CD44-1 resulted in the generation of CD44 knockouts. The DNA region around the target site was PCR amplified using the primers CD44-1-seq-F 5′-AGCGAATTCTGGGATTGTAGGCATGAG and CD44-1-seq-RC 5′-TGTCTAGAGGTGCTGGTCTCTTACCTG, digested with EcoRI (New England Biolabs) and XbaI (New England Biolabs), ligated into a carrier plasmid, and transformed into XL-10 Gold cells (Agilent) to obtain bacterial clones. The DNA sequence around the sgRNA cut site was subsequently obtained by Sanger sequencing.
Quantitative Surface Proteomics. Plasma membrane profiling was performed as described (56, 87) using 2 × 10 7 of two batches of WT jkRBCs, one batch each of the two different ΔBSG clones, one batch each of the two different CD44 clones, and one batch of day 16 CD34 + cRBCs. Surface-membrane proteins were identified following labeling of sialic acid residues with aminooxy-biotin and after processing and generation of tryptic peptides were labeled with isobaric tandem mass tag (TMT) reagents (Thermo Fisher) (56) in a 1:1:1:1:1:1:1 ratio. These labeled peptides were enriched and subjected to mass spectrometry as described in SI Materials and Methods.
Invasion Assays. All parasite assays were performed with either P. falciparum 3D7 attB::TdTomato or P. falciparum Dd2 attB::TdTomato strains unless otherwise indicated (see SI Materials and Methods for a description of these lines). Parasites were cultured following established protocols (88, 89) at 2% hematocrit in O-positive blood (Interstate Blood Bank) in complete RPMI medium with 0.5% (wt/vol) albumax and 0.2% (wt/vol) sodium bicarbonate at 37°C with 5% (vol/vol) CO 2 and 1% (vol/vol) O 2 . Invasion assays were performed as described (14, 26, 77) . Typically invasion assays were prepared with 0.5-1.5 × 10 6 cells in 50 μL complete IMDM medium in a half-area 96-well plate (Corning) with 0.5-2.0% schizonts [enriched by magnetic LD columns (Miltenyi Biotec) (90, 91) ]. Cytospins were prepared immediately upon mixing the schizonts and target cells as well as 18-24 h post invasion. Slides were stained with May-Grünwald Giemsa as described, and parasitemia was evaluated by reticle counting (92, 93) . For invasion inhibition assays, the MEM6/6 clone of the α-BSG antibody (preservative free) was used (Invitrogen) along with a matched isotype control antibody (preservative free) (Invitrogen). R1 peptide (63, 64) was prepared in complete RPMI medium with 0.5% (wt/vol) albumax and 0.2% (wt/vol) sodium bicarbonate.
